An experimental set-up is described for the precise measurement of the recoil energy spectrum of the daughter ions from nuclear beta decay. The experiment is called WITCH, short for Weak Interaction Trap for CHarged particles, and is set up at the ISOLDE facility at CERN. The principle of the experiment and its realization are explained as well as the main physics goal. A cloud of radioactive ions stored in a Penning trap serves as the source for the WITCH experiment, leading to the minimization of scattering and energy loss of the decay products. The energy spectrum of the recoiling daughter ions from the ¬-decays in this ion cloud will be measured with a retardation spectrometer. The principal aim of the WITCH experiment is to study the electroweak interaction by determining the beta-neutrino angular correlation in nuclear ¬-decay from the shape of this recoil energy spectrum. This will be the first time that the recoil energy spectrum of the daughter ions from ¬-decay can be measured for a wide variety of isotopes, independent of their specific properties. 
Introduction
The standard model of the electroweak interaction is very successful in describing the interaction both qualitatively and quantitatively. However, it contains many free parameters and ad hoc assumptions. One of these is that from the five possible types of weak interactionsvector (V), axial-vector (A), scalar (S), tensor (T) and pseudoscalar interaction (P) -just V and A interactions are present at a fundamental level. Together with maximal parity violation this has led to the well known V A structure of the weak interaction. Most experimental limits for the S and T coupling constants in the charged current sector are rather weak, though [1, 2, 3, 4] , i.e. of the order of ½¼± of the coupling constants of V and A interactions, corresponding to the exchange of a boson of mass Ñ Ó×ÓÒ ¿¼¼ Î when standard coupling is assumed. Only the limits on neutral current S and T interactions are very stringent [5] . Experiments in all three sectors of the weak interaction, i.e. the leptonic, semileptonic and hadronic sectors, can search for S and T interactions. They yield complementary information when the exclusion of specific particle models, such as leptoquarks [1, 6] , is considered.
In order to improve the limits on S and T interactions the WITCH experiment intends to measure the beta-neutrino angular correlation in nuclear beta decay [7] , , with high precision:
Here ¬ is the angle between the emitted ¬-particle and the neutrino, and the ¬-angular correlation coefficient. Further Ú , Ñ and represent velocity, rest mass and total energy of the ¬-particle, while Õ´½ ´« ¡ µ ¾ µ with « the fine-structure constant and Z the nuclear charge of the daughter nucleus. The Fierz interference coefficient has experimentally been shown to be small [8, 9, 10, 11] and will be assumed to be zero in the following discussion.
From the properties of the general Hamiltonian of the weak interaction [12] and the Dirac -matrices it can be shown that V interaction only takes place between a particle and an antiparticle with opposite helicities and S interaction only between a particle and an antiparticle with the same helicity. Therefore in super-allowed ¼ · ¼ · Fermi decays, where the ¬-and neutrino spins have to couple to zero, particle and antiparticle will be emitted preferentially into the same direction for V interaction and into opposite directions for S interaction. On average this will lead to a relatively large recoil energy for V interaction ( Fig. 1 ) and a relatively small recoil energy for S interaction. For pure Fermi decays the dependence of on the interaction type is [7] ¾ , where Ë and Î and their primed counterparts are the coupling constants for S and V interactions, respectively [12, 13] .
In super-allowed Fermi transitions only V interaction can contribute to the decay rate according to the Standard Model. From eqn. 2 it then follows that ½. Any admixture of S to V interaction in such a transition would result in ½. By measuring the ¬-angular correlation coefficient one can thus determine which interactions contribute.
Since the neutrino can not be detected directly in such an experiment the ¬-angular correlation has to be inferred from other observables like the shape of the ¬-or recoil energy spectrum. Angular correlation experiments of this kind have previously established the predominant V A character of the electroweak interaction [3, 4, 14, 15] . However, these experiments are difficult since the ¬-emitter is usually embedded in matter, e.g. an ion catcher, which will cause a distortion of the spectra due to energy losses. Indeed, the ¬-particles will be scattered and, in most cases, the recoiling daughter nuclei will be fully stopped in the source due to their very low kinetic energy, usually of the order of just a couple of hundred Î . Consequently, the ¬-angular correlation has been measured in just a few exceptional cases up to now [3, 4, 14, 15] .
The early recoil experiments, e.g. [14, 15] were restricted to gases. They used a gaseous source, thus reducing the problem of scattering. The isotopes for which the recoil energy spectrum was measured directly are À , ½ AE , ¾¿ AE , and ¿ Ö. The precision which these experiments reached for was ¡ ¼ ¼ . This was sufficient to determine the predominant V-A character of the electroweak interaction [15] . The most precise determination of was achieved recently with ¿¾ Ö [3, 4] . Here the activity was implanted into a thin carbon foil. After the ¬-decay of ¿¾ Ö the daughter isotope ¿¾ Ðdecays via proton emission. This happens sufficiently fast so that the recoiling daughter ion does not scatter in the carbon catcher. The proton leaves the foil due to its much higher energy (O(MeV)) compared to the recoil ion (O(100eV)). is then determined indirectly from the Doppler broadening of the proton due to the recoil. This experiment has yielded the most precise determination of up to now with ¡ ×Ø Ø ¼ ¼¼ ¾ and ¡ ×Ý× ¼ ¼¼¿ . In the WITCH experiment scattering of the recoil ions will be avoided by using a Penning trap. In such a Penning trap the ions are stored in vacuum. This eliminates any energy loss caused by the matter that usually surrounds the radiactive source ions or atoms.
With the WITCH experiment it is intended to reach a similar precision on in a systematic measurement of several superallowed Fermi-decay and eventually improve the precision even further. In addition, also Gamow-Teller ¬-decays, which are sensitive to tensor type weak interactions and for which the best experiment has reached a precision of just ¡ ¼ ¼½, will be addressed. Finally, the WITCH experiment allows to determine a number of nuclear structure related observables such as e.g. Fermi/Gamow-Teller mixing ratios and É -values.
The Experiment 2.1 Principle
In order to avoid that the recoiling daughter ions are stopped in the source, and to be as independent on the properties of the isotopes as possible, the WITCH experiment will utilize a Penning trap to store the radioactive ions. A Penning trap is an electromagnetic ion trap. It combines a high magnetic field, which constrains the ion motion radially, with an electrostatic quadrupole potential, which constrains it axially [16, 17] . The radioactive ions then form an ion cloud in vacuum in the center of the Penning trap. After ¬-decay the recoiling daughter ions have kinetic energies in the range ¼ Ö Ó Ð Ç´½¼¼ Î µ. Those recoil ions with axial energy larger than the trap potential (Ç´½¼ Î µ) will leave the trap. Due to the low density of the ion cloud (typically ½¼ ions Ñ ¿ ) they experience no significant energy loss. The open cylindrical structure of the Penning trap used (see section 2.2) then allows the recoil ions to leave the trap without scattering off the trap electrodes. Consequently, the ions leave the trap with the full recoil energy from the ¬-decay.
The Penning trap is placed at the entrance of a retardation spectrometer. The recoil ions emitted into the direction of the spectrometer spiral from the trap, which is situated in a magnetic field of Ñ Ü Ì , to a region where the magnetic field reaches a plateau of Ñ Ò ¼ ½ Ì .
Provided that the fields change sufficiently slowly along the path of the ions, their motion can be considered to be adiabatic. Then, according to the principle of adiabatic invariance of the magnetic flux contained in the ion motion [18] , i.e. of the magnetic moment of the ion motion, a fraction of
of the radial energy of the ions gets converted into axial energy while the ions spiral from the high to the low magnetic field region. Due to an electrostatic retardation potential Í Ö Ø that is applied between the trap and the low-field region only ions with axial energy
can pass this analysis region; Ò is the charge state of the ion and the elementary charge.
By counting how many ions pass the analysis plane for different retardation potentials, the cumulative recoil energy spectrum can be measured. This is the same fundamental principle that is used in the experiments to determine the mass of the electron anti-neutrino in Mainz [19, 20] and Troitsk [21] . Besides the WITCH experiment there are other trap experiments under development in which it is intended to measure the recoil energy spectrum after ¬-decay. They are either specific to one isotope [22] or use a magneto-optic trap (MOT, an atom trap [23] , [24, 25] ), which is limited to elements with suitable optical transitions. A Penning trap was chosen for WITCH since Penning traps, like Paul traps, are not limited to trapping of specific elements, and the isotope that is best suited for a given purpose can be chosen freely. In order to fully utilize this property the WITCH experiment is being installed at the ISOLDE facility at CERN [26, 27] where a wide variety of different isotopes is available at high intensities. Thus the WITCH experiment opens a universal way to study ¬-decay via the energy spectrum of the daughter nucleus [28, 29, 30, 31, 32, 33, 34, 35] . For the first time it will be possible to measure this observable independent of the chemical, atomic or decay properties of the isotopes in question. For the search for S and T weak interactions this means that the most suitable ¬-emitters, decaying either via a pure Fermi or a pure Gamow-Teller transition, can be selected.
Set-up
An overview of the experimental set-up is shown in Fig. 2 . In a first step the ions produced by ISOLDE get trapped and cooled by REXTRAP [36] , a Penning trap, which serves to bunch, cool and purify the ion beams for the REX-ISOLDE project. When the ions are transmitted from REXTRAP to the WITCH experiment they pass through a horizontal beamline into an electrostatic ¼ AE bender with spherical electrodes, where they are deflected upward into the vertical beamline. There the ions are electrostatically decelerated from ¼ Î to ¼ Î in several steps. In order to avoid a high-voltage platform for the spectrometer the potential of the ions relative to ground must be changed. This is achieved by using a drift tube that is located in the vertical beamline and is pulsed by ¼ Î while the ions are inside [37] .
Penning traps
The Penning trap has to capture, cool, center and store the ions. In order to separate these functions two Penning traps are used, a cooler trap and a decay trap ( [38, 39, 40] . It consists of seven cylindrical electrodes -the central ring electrode, two pairs of correction electrodes and two end-cap electrodes. The latter are longitudinally split into four segments each. The electrodes form a nested trap with two potential wells, the first of which is defined by the ring, correction and innermost end-cap electrodes, which create the usual quadrupole potential. The second potential well is box like and is created by the remaining outer ½µ Macor is a registered trademark of Corning Inc.
end-cap electrodes. It is used to initially trap the ions by buffer gas assisted dynamic capture. For this purpose helium gas is injected into the trap as buffer gas in order to dampen and cool the ion motion [41] . In addition, the ring electrode is azimuthally divided into eight and the inner correction electrodes into four identical segments. This azimuthal segmentation allows for manipulation of the ions with radio-frequency fields, which is needed to cool and center the ions.
After the ions are trapped a mass-selective cooling technique is applied which brings the trapped ions to approximately room temperature [42] . In this process the ions lose energy due to collisions with buffer gas atoms. This will cool all three motions of the ions in the trap, i.e. the reduced cyclotron, the magnetron and the axial motion. However, since the radius of the magnetron motion increases for decreasing magnetron energy the ions need to be recentered. This is achieved by applying an azimuthal radio-frequency quadrupole field to the central ring electrode at the true cyclotron frequency of the trapped ions, which couples the magnetron and the reduced cyclotron motion. In combination with the buffer gas cooling the ions will be mass-selectively centered in the trap after a time of several Ñ× to ×, depending on the parameters chosen. The resulting ion cloud will have a radial and axial size of several ÑÑ (for ½¼ ions, [43] ). Subsequently the cooled and centered ions are ejected through the opening in a differential pumping barrier into the second Penning trap, the decay trap, which is a modified version of the cooler trap. The ions are stored here for approximately one half-life, typically ½ ½¼ × for the cases of interest. The ion cloud in the decay trap constitutes the source for the experiment.
Similar to the cooler trap the decay trap consists of seven electrodes. However, since the decay trap just has to capture a short ion pulse of a low, well defined energy, the use of buffer gas and a box-like outer potential well are not necessary. Therefore the decay trap is shorter than the cooler trap and the end-cap electrodes are split into two rather than four different segments each.
Both Penning traps are operated in the room-temperature bore of the same superconducting magnet. The inner bore diameter is ½¿¼ ÑÑ and the magnetic field strength Ñ Ü Ì (Figs. 4, 5) . The homogeneity of the magnetic field is ¡ ¡ ½¼ in a region of length ¿¼ ÑÑ and diameter ½¼ ÑÑ in the center of the cooler trap and ¡ ¡ ½¼ in a region of length ¿¼ ÑÑ and diameter ½¼ ÑÑ in the center of the decay trap.
The traps get pumped, together with the spectrometer, by two ¼¼ Ð ×turbo pumps (helium pumping speed), one close to the cooler trap, the other at the opposite end of the spectrometer. The system is designed to reach a pressure of ½¼ Ñ Ö without buffer gas in both traps. Under normal operating conditions the helium partial pressure needed for the capture and buffer gas cooling of the ions in the cooler trap is in the range ½¼ to ½¼ ¿ Ñ Ö. In contrast, the rest gas pressure needs to be as low as possible in the decay trap to achieve long storage times. In order to accommodate both requirements a differential pumping barrier with inner diameter of ¾ to ¿ ÑÑ is situated between the two traps. The length of this barrier can be varied from ¾ to Ñ. It has to provide for a pressure reduction of a factor of ½¼ ¾ to ½¼ ¿ in order to yield a helium partial pressure of ½¼ Ñ Ö in the decay trap (see also section 3.4). The optimum parameters for the differential pumping barrier will be determined during the initial phase of the experiment.
Spectrometer
The decay trap is located at the entrance of the retardation spectrometer (Fig. 5) . The recoiling daughter ions from the ¬-decays in this trap are emitted isotropically with kinetic energies of typically Ö Ó Ð ¼¼ Î . Those ions emitted with a velocity component in the direction of the cooler trap are lost in the initial version of the experiment; at a later stage an electrostatic mirror will be used to reflect them into the opposite direction. Those ions emitted towards the spectrometer spiral from the decay trap where the magnetic field is Ñ Ü Ì to the analysis region where the magnetic field reaches a plateau of Ñ Ò ¼ ½ Ì . This low-field region is created by a second superconducting magnet with an inner bore diameter of ¾¼ ÑÑ. It shares a common cryostat with the Ì magnet. This magnet system was built by Oxford Instruments Ltd.
Between the trap and the analysis region are several cylindrical retardation electrodes. The retardation potential increases for each electrode until it reaches its maximal value at the electrode surrounding the analysis region (Figs. 4, 5) . A possible sequence of potentials applied to the electrodes is shown in Table 1 . The values for the intermediate potential steps were chosen so as to avoid steep gradients in the potential. The gradient of the resulting electric potential points approximately in the direction of the magnetic field. Both the absence of steep gradients in the electric and magnetic fields and the approximate alignment of these fields are necessary to achieve adiabatic conversion of radial into axial kinetic energy [19] . Table 1 : Percentage of the retardation potential Í Ö Ø that is applied to the retardation electrodes of the spectrometer. Í Ö Ø is with respect to the central ring electrode of the decay trap which is on ground potential.
The ions that pass the retardation potential in the analysis region get immediately accelerated by another electrostatic potential of Í ½¼ Î that is applied to a set of postacceleration electrodes. This is necessary in order that the ions get nonadiabatically off the magnetic field lines instead of following them. Finally, the ions are focused with an Einzel lens onto the detector, which is at a potential of ½¼ Î to provide for sufficient energy of the ions in order that their detection efficiency is independent of their kinetic energy. Electrostatic focusing rather than magnetic focusing with another high-field magnet was preferred for two reasons. First, simulations showed that it would be very difficult to focus the retarded ions magnetically without losing some of them due to a magnetic mirror effect. Second, the reflected ions as well as positrons in the case of ¬ · -decays would accumulate in the magnetic bottle created by the two magnets and create a space charge, which would alter the electric potentials in the spectrometer. Initially, a microchannel plate detector will be used to detect the recoil ions. This type of detector can detect individual ions at low kinetic energies ( ¾ Î, [44] ). In order to determine whether all ions reach the detector its anode is segmented radially. If the outermost segment shows no counts in excess of the background it can be assumed that all ions are focused onto the detector. By measuring the count rate for different retardation potentials the cumulative energy spectrum of the daughter ions will be determined.
The retardation spectrometer has to fulfill several conditions in order to precisely measure the recoil energy spectrum. First, simulations showed that its resolution needs to be Ç´½±µ or better in order to achieve the required precision on of ¡ ¼ ¼¼ . Second, the spectrometer needs to be able to handle recoil ions from ¬-decays with É-values of up to É Å Îat ¼. An example of such a high-energy case is Î . Third, the transmission of ions from the trap to the detector must be close to 100%. It is important that this transmission efficiency does not significantly depend on the kinetic energy of the recoil ions. This implies that all transmitted ions have to be focused onto a detector with a spot size of around ¾ Ñ in diameter, independently of their kinetic energy, their emission angle and the size of the ion cloud. Finally, the measured response function of the spectrometer should deviate as little as possible from the ideal response function, which can be calculated analytically. Any such deviation will provide clues to imperfections of the performance of the spectrometer.
In order to achieve these goals it must be known how the ion trajectories behave for a specific combination of electric and magnetic fields. Then, the electric field created by the electrodes as well as the design of the magnet can be optimized. Most importantly, the magnetic and electric fields have to be shaped in a manner that allows for adiabatic motion of the ions.
The design of the spectrometer was an iterative process. In a first step a preliminary magnetic field configuration was chosen. Then a tentative electrode arrangement was determined, taking into account the magnetic field plot for that magnet configuration. The potential of each electrode was determined by a relaxation method, respecting the boundary conditions imposed by the other electrodes. A Stokes force was added to the equation of motion in order to simulate the dampening of the ion motion by buffer gas. In a next step a set of ions having a monochromatic energy and isotropic emission was placed in an ion cloud in the center of the trap. The ion trajectories from the trap to the detector were then obtained by solving the equation of motion numerically using a Ø order Runge Kutta method with adaptive step size (adopted from [45] ). This calculation was repeated varying the spatial distribution of the ion cloud in the trap, the kinetic energy and mass of the ions and the retardation voltage of the spectrometer. Typically around ½¼ trajectories were calculated for a given spectrometer configuration. The last step consisted of obtaining the spot size at the detector, the response function and, in some cases, the number of lost ions. As a result, the properties of the spectrometer were obtained for a given spectrometer configuration. This process was repeated for different arrangements of electrodes and magnets in order to maximize the transmission of the spectrometer and to get the best possible resolution. Other boundary conditions have been the technical feasibility, the space available in the experimental hall of ISOLDE as well as the cost of the spectrometer. The magnet configuration was developed in collaboration with Oxford Instruments Ltd. and Magnex Scientific Ltd. taking into account that the magnets should be available 'off the shelf' and the field of the high-field magnet should not exceed Ì for price reasons.
The spectrometer as presented in this paper is the result of the procedure described above.
In the calculations it fulfills all requirements. An energy resolution of ½ ¾± is obtained even for the high Q-value decay of Î .
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Operational Characteristics 3.1 Normalization
The number of ions in the decay trap can vary from one trap load to another. Therefore a suitable method to determine the initial number of ions in each trap load needs to be applied for normalization. One way consists of counting the number of ions that are left in the trap after a certain time. For this purpose the stored ions can be ejected from the trap onto a normalization counter. If the storage time in the decay trap is the same for all trap loads, the number of ions counted by the microchannel plate detector can be normalized to the number of ions detected by the normalization counter. Alternatively, by extrapolating to the time the trap was filled the initial trap load can be determined and used for normalization. Another method utilizes the ¬-particles that are emitted together with the recoil ions. Since they have a similar momentum as the recoil ions they also follow the magnetic field lines. However, since the energy of the ¬-particles is much larger than the potential that the final Einzel lens creates ( ¬ Ç´Å Î µ whereas Í ÒÞ Ð ½¼ Î), the ¬-particles will not be focused onto the detector. When following the magnetic field lines most of them will eventually hit the electrodes mounted in the vacuum chamber or the chamber walls. In order to detect some of these ¬-particles for normalization purposes a ¬-detector will be installed in the spectrometer. The number of ¬-particles that are counted with this detector is a measure of the total number of ions present in the trap.
A small fraction of the ¬-particles will still reach the detector and thus induce a flat background in the cumulative recoil energy spectrum since ¬ ¡ Í Ö Ø on average. It is expected that this background amounts to several percent of the decay rate.
Charge states
The daughter ions from ¬-decay can have different charge states Õ Ò ¡ due to electron shake-off [46] . Therefore recoil ions with kinetic energy Ö Ó Ð and charge Õ will appear in the measured spectrum at a retardation voltage Í Ö Ø Ö Ó Ð Õ. The measured spectrum will thus be a superposition of the spectra of the various charge states, each with different endpoints
¾¡Ñ is the endpoint energy of the recoil energy spectrum. Here Ñ (Ñ ) and £ ( £ ) are the mass and the excitation energy of the parent (daughter) ion, Ñ is the electron mass, ¡ É Ñ and É Ñ Ñ · £ £ is the Q-value of the decay. Consequently, when measuring the full recoil spectrum up to the endpoint energy ¼ , the upper half of the spectrum will consist purely of events from charge state Ò ½ . Between ¼ ¾ and ¼ ¿ both charge states Ò ½ and Ò ¾ will be present, between ¼ ¿ and ¼ charge states Ò ½ to Ò ¿, etc. By restricting the measurement or the analysis to the upper half of the spectrum a clean spectrum of charge state Ò ½ can be obtained.
Energy calibration
The energy calibration of the recoil energy spectrum can be obtained in various ways. The simplest possibility is to use the potentials that are applied to the retardation electrodes, which can be measured precisely. However, the potential that the ions experience may not be exactly the same as the potential that is applied to the electrodes. An alternative possibility to perform the energy calibration is given by electron-capture decay (EC), which always accompanies ¬ · -decay, albeit at a possibly very small branching ratio. EC-decay leaves two particles in the final state, the recoil ion and a neutrino. Due to energy-and momentum conservation both particles are monoenergetic, i.e. EC-decay leads to a monoenergetic peak in the recoil energy spectrum at energy É ¾ ¾¡Ñ , which is above the endpoint energy ¼ of the continuous recoil spectrum from ¬ · -decay. By measuring these EC-peaks for several suitable nuclides with different decay energies an energy calibration can be obtained. Furthermore, different charge states Ò produce EC-peaks at different energies Ò for the same nuclide, which can also be used for energy calibration. The appearance of a peak also creates the possibility to detect EC-decay even at very low ¬ · -branching ratios, which are common for ¬-decays with high Q-values.
Response function
The response function of the spectrometer has been investigated analytically as well as with simulations of the ion motion through the spectrometer. The analytic expression derives from a calculation based on the projection of the recoil momenta onto the radial direction, in which fully adiabatic conversion of the radial momenta according to equation 3 is assumed; it is furthermore assumed that all ions experience the same retardation potential. The resulting theoretical response function Ê for a monoenergetic peak at energy ¼ in the differential recoil energy spectrum is given by
and Ê ¼ ¼ for all other . In this equation is the energy resolution of the spectrometer and is given by Ñ Ò Ñ Ü ½ ½±. Note that ¡ is the range of the response function at energy and not its FWHM or standard deviation. This theoretical shape of the response function is shown in Fig. 6 (solid line) . The response function of the spectrometer has also been investigated via a numerical calculation of the ion trajectories as described in section 2.2.2. It was obtained by repeating this calculation for different retardation voltages. As an example Fig. 6 (symbols) shows the response function for monoenergetic recoil ions that are emitted isotropically from an ion cloud in the center of the trap. This is compared to the analytical response function that assumes ideal adiabatic conversion from radial into axial energy and an ideal electric field in the analysis plane. As can be seen, the deviation of the simulated response function from the ideal response function is negligible, indicating that the motion of the recoil ions in the spectrometer is sufficiently adiabatic.
The response function can be influenced by other effects like the space charge created by the trapped ions, nonadiabatic motion of the ions due to imperfections in the magnetic and electric fields, collisions of the ions in the decay trap with rest gas (Fig. 7) , stray ions that decay in the spectrometer, etc. The influence of these and other as yet unknown effects will have to be investigated in detail experimentally.
The resolution of the spectrometer can be changed by varying the magnetic field strength in the low-field magnet. This magnet is designed for a maximum field strength of ¼ ¾ Ì . The design of the spectrometer assumes a field strength of ¼ ½ Ì during the experiments, yielding the nominal resolution of ½ ½±. The resolution can be improved by lowering the field strength in the low-field magnet. However, care has to be taken that when changing the magnetic field it still decreases monotonically between the decay trap and the analysis region. In order to achieve this the cryostat has been designed in a way that the distance between the two magnets can be changed by several Ñ. Decreasing the field in the low-field magnet may also lead to less adiabatic motion of the recoil ions of high mass or energy. It follows that the resolution can only be improved for a limited number of ¬-emitters.
Counting statistics
In order to determine the statistics achievable, the efficiencies inherent in the spectrometer design have to be considered. One trap load of AE Ð ions stays for a time ¡Ø in the decay trap.
During this period a fraction¯¡
of the ions will decay, where Ø ½ ¾ is their half-life. Assuming that the time to fill the decay trap is small compared to ¡Ø, the number of trap loads in time Ø will be Ø ¡Ø and the number of decays in the trap
Not all of those recoil ions can be detected, though. Since only approximately half of the recoil ions are emitted into the spectrometer the solid angle reduces their number by¯ª ¼ . The first experiments will also be restricted to ions of charge state Ò ½, which have a formation probability of Ô´Ò ½µ Ç´½¼±µ only. Finally, the detection efficiency of modern microchannel plate detectors is¯Å È ¼ . Thus the number of ions that can be detected in time t is AE ¯ª ¡¯Å È ¡ Ô´Ò ½µ ¡ AE Ø (8) The WITCH experiment measures the cumulative recoil energy spectrum. For the measurement of each channel in the cumulative spectrum the same number of ions Ü has always to decay. These decays yield a number of Ü events in channel , with Ü ¼ Ü being the number of events for Í Ö Ø ¼ . Since each channel in the differential spectrum is obtained from the difference of channels in the cumulative spectrum AE Ü ½ Ü the number of events in the entire differential spectrum is AE È AE Ü ¼ Ü, assuming no energy-dependent background. The number of ions that have to decay in order to get these AE events in the differential spectrum is correspondingly AE ´Ò ¼ · ½ µ ¡ AE, where Ò ¼ is the number of channels in the differential spectrum. Using eqns. 6, 7 and 8, the number of ions in the differential spectrum after time Ø is Simulations show (Fig. 8 ) that the total number of events in the differential energy spectrum should be AE ½ ¼ ½¼ and that a minimum of Ò ¼ ¾ ¼ channels measured in the upper half of the spectrum seems to be sufficient to reach a precision of ¡ ¼ ¼¼ . The upper half of the spectrum contains only recoil ions with charge state Ò ½, making it unnecessary to unfold different charge states. Using equation 9 and AE ½ ¼ the measurement time needed to achieve a precision of ¡ ¼ ¼¼ is Ø ¿ days for ¿ Ar and Ø ½¼ days for ¾ Ñ Al. However, it needs to be pointed out that it should be feasible to increase the trap load by a factor of ½¼ to AE Ð ½ ¼ , which reduces the measurement time by the same factor.
Summary
The WITCH experiment will make it possible to measure the recoil energy spectrum of the daughter ions from nuclear ¬-decay with high precision. By combining a Penning trap with a retardation spectrometer these measurements can be performed for a wide variety of ¬-emitters. WITCH will thus be the first experiment where this recoil energy spectrum can be measured independent of the specific chemical, atomic or decay properties of the relevant isotope. In a first step the WITCH experiment will be used to search for scalar and tensor weak interaction types. However, other research goals are also feasible with this set-up and will be discussed in a future article. Updates of the status of the experiment can be found at [47] . 
The energy axis of the spectrum of V has been scaled in order to have the same endpoint energies for both spectra. The experiment discussed in this article intends to distinguish between ½ and ¼ . ¼¼ Î , ½ ¾±). The calculation was performed for Argon buffer gas. For Helium buffer gas the indicated pressures have to be multiplied by a factor of ¼ ½. In order to get a response function with a well-defined peak the residual gas pressure in the cooler trap needs to be ½¼ Ñ Ö or better. ¿±) . This is the result of a simulation for ¾ Ð Ñ ( ¼ ¾ ¼ Î ). Three curves are shown for different analysis intervals. The x-axis displays the number of events AE in the total differential recoil energy spectrum. Typically, to get one differential event ½¼ ions have to be trapped.
